We demonstrate a link between the growth process, the stoichiometry of LaAlO 3 , and the interfacial electrical properties of LaAlO 3 =SrTiO 3 heterointerfaces. Varying the relative La:Al cation stoichiometry by a few atomic percent in films grown at 1 Â 10 À3 Torr results in a 2 and 7 order-of-magnitude change in the 300 and 2 K sheet resistance, respectively, with highly conducting states occurring only in La-deficient or Al-excess films. Further reducing the growth pressure results in an increase of the carrier density and a dramatic change in mobility. We discuss the relative contributions of intrinsic and extrinsic effects in controlling the physical properties of this widely studied system. DOI: 10.1103/PhysRevLett.110.196804 PACS numbers: 73.40.Àc, 72.20.Ài, 73.20.At Since the discovery of a conducting state at the LaAlO 3 =SrTiO 3 heterointerface in 2004 [1] , researchers have uncovered a series of other exciting phenomena [2] [3] [4] [5] [6] . The conductivity is hypothesized to arise from electronic reconstruction that occurs to avoid the so-called polar catastrophe [1] . This reconstruction occurs at a critical thickness of just <4 unit cells [7] [8] [9] and can be considered an intrinsic response of the system to the buildup of electrostatic energy. Structural distortions [10-13] and chemical intermixing [14] [15] [16] , which are expected to occur since ionic crystals terminated at oppositely charged polar surfaces are inherently unstable and can undergo surface reconstructions or intermixing to maintain electrostatic stability (e.g., Ge=GaAs) [17, 18] , have additionally been considered as potential responses. Recent work has highlighted such imperfection in LaAlO 3 =SrTiO 3 [19] and probed the evolution of the polar catastrophe with chemical alloying [20] . Extrinsic effects, in particular, oxygen vacancies, have also been observed to play a role in the conductivity of these samples [2, 21] . Varying the growth pressure of oxygen results in dramatic changes in the interfacial conductivity [2] , with growth at low pressures (< 1 Â 10 À5 Torr) resulting in high carrier mobility (> 10 4 cm 2 =V s) and threedimensional transport, while growths at higher pressures result in a transition to nonmetallic behavior (suggesting the potential role of oxygen vacancies in the substrate as a likely source of the observed transport) [21] . Ultimately understanding and utilizing these intrinsic and extrinsic effects is an important challenge.
Since the discovery of a conducting state at the LaAlO 3 =SrTiO 3 heterointerface in 2004 [1] , researchers have uncovered a series of other exciting phenomena [2] [3] [4] [5] [6] . The conductivity is hypothesized to arise from electronic reconstruction that occurs to avoid the so-called polar catastrophe [1] . This reconstruction occurs at a critical thickness of just <4 unit cells [7] [8] [9] and can be considered an intrinsic response of the system to the buildup of electrostatic energy. Structural distortions [10] [11] [12] [13] and chemical intermixing [14] [15] [16] , which are expected to occur since ionic crystals terminated at oppositely charged polar surfaces are inherently unstable and can undergo surface reconstructions or intermixing to maintain electrostatic stability (e.g., Ge=GaAs) [17, 18] , have additionally been considered as potential responses. Recent work has highlighted such imperfection in LaAlO 3 =SrTiO 3 [19] and probed the evolution of the polar catastrophe with chemical alloying [20] . Extrinsic effects, in particular, oxygen vacancies, have also been observed to play a role in the conductivity of these samples [2, 21] . Varying the growth pressure of oxygen results in dramatic changes in the interfacial conductivity [2] , with growth at low pressures (< 1 Â 10 À5 Torr) resulting in high carrier mobility (> 10 4 cm 2 =V s) and threedimensional transport, while growths at higher pressures result in a transition to nonmetallic behavior (suggesting the potential role of oxygen vacancies in the substrate as a likely source of the observed transport) [21] . Ultimately understanding and utilizing these intrinsic and extrinsic effects is an important challenge.
The murkiness of our understanding may, in part, be related to the complexity associated with the synthesis of these heterointerfaces. Such variations in the pulsed-laser deposition (PLD) growth process can have a profound impact on the subsequent heterostructure properties. It is difficult to obtain stoichiometric LaAlO 3 films via PLD [15, 22] and researchers have observed as much as 11% La excess in films grown in conditions consistent with those used for work on conducting heterointerfaces [22] . Studies focusing on the relationship between laser fluence and film stoichiometry for perovskites [23] [24] [25] [26] indicate that synthesizing films with nearly perfect stoichiometry may be the exception, not the default result for PLD. This could explain the fact that although many have observed conducting interfaces, there are wide variations in carrier concentration, mobility, and temperature dependence as a result of slight variations in the growth conditions. It is likely that multiple factors are active in this system, providing for a complex interplay of intrinsic and extrinsic effects and muddled property evolution.
With this in mind, we investigate the direct relationship between variations in LaAlO 3 cation stoichiometry and properties of the LaAlO 3 =SrTiO 3 heterointerface. We study the evolution of sheet resistance, carrier concentration, and mobility of the LaAlO 3 =SrTiO 3 heterointerfaces as a function of both cation and oxygen stoichiometry. We observe that variation in the La:Al cation stoichiometry of several atomic percent results in a 2 and 7 order-ofmagnitude change in the 300 and 2 K sheet resistance, respectively, with highly conducting states occurring only in La-deficient or Al-excess films. Further, reducing the growth pressure results in an increase in the sheet carrier density and a dramatic change in the carrier mobility.
Ten unit cell thick LaAlO 3 films were grown via reflection high-energy electron diffraction (RHEED) assisted PLD at 750 C. A frequency of 1 Hz was used for the growth of all samples and the growth rate for all films was 12 pulses=unit cell. Films were grown from a single crystal LaAlO 3 target (Crystec, GmbH) on TiO 2 -terminated SrTiO 3 (001) substrates treated via standard methods [27, 28] . Growths were completed at a range of pressures and oxidizing potentials and throughout the manuscript we will directly identify the growth pressure of each film studied. All samples were cooled at 10 C= min at the growth pressure. For samples grown at 1 Â 10 À3 Torr the
week ending 10 MAY 2013 laser fluence was varied between 1.2 and 2:0 J=cm 2 by changing the laser spot size from 0.043 to 0:071 cm 2 while holding the incident laser energy constant (85 mJ). Note that these energy densities are within ranges previously reported [1, 2, 22, 26, 29] . In order to maintain the appropriate stoichiometry, slight adjustments of the laser fluence were required at other pressures. All growths were completed with the laser focused on the target in an imaging mode (see Supplemental Material, Table S1 [30] ). Growths were completed in an on-axis geometry with a targetsubstrate distance of 6.6 cm. All interfacial transport measurements were completed on 10 unit cell (3.79 nm) thick LaAlO 3 films and additional films with thicknesses up to 200 nm were grown for structural and compositional analysis.
In situ RHEED studies were used to track the evolution of growth modes and establish growth rates for all depositions (Fig. 1) . Typical time-dependent RHEED intensity profiles for 10 unit cell thick films grown at 1.2, 1.6, and 2:0 J=cm 2 reveal an evolution from step-flow or hybrid growth to layer-by-layer growth with increasing laser fluence. Typical postgrowth RHEED patterns (right, Fig. 1 ) and ex situ atomic force microscopy (AFM) (bottom, Fig. 1 ) reveal evidence of smooth, atomic-level terraced, islandfree films in all cases. While the growth mode varied somewhat with laser fluence, there are no other indications in the RHEED or AFM to suggest significant differences in the films. Thus at these growth conditions (1 Â 10 À3 Torr and 750 C), although smooth films are achieved at various fluence values, the generally sought-after layer-by-layer growth regime is only achieved at higher fluence (2:0 J=cm 2 ). Subsequent x-ray diffraction studies reveal that all films are single phase and epitaxial {for clarity we show data for 60 nm thick films [ Fig. 2 [30] ) the films are found to be partially or nearly completely relaxed.
X-ray photoelectron spectroscopy (XPS) and Rutherford backscattering spectrometry (RBS) were used to further investigate the effect of laser fluence on the cation stoichiometry. Prior work showed a strong relationship between stoichiometry and deposition angle in LaAlO 3 [15, 22, 31] , and this work provides complimentary studies of the role laser fluence. The XPS studies focused on the La 3d and Al 2p peaks (Supplemental Material, Figs. S3(a) and S3(b), respectively [30] ), as these peaks account for the dominant contribution to the XPS signal for their respective elements. Additional details of the XPS measurements and the calibration are provided (Supplemental Material, Figs. 3(c) and (d) [30] ). RBS studies were completed to confirm the XPS results and verify that the film composition is the same throughout the thickness (Supplemental Material, Fig. S4 [30] ). The XPS and RBS studies are considered to have þ= À 1% and þ= À 0:75% error bars, respectively. Both the trends and overall compositional values found from the XPS and RBS studies were consistent and show a strong relationship between PLD laser fluence and film stoichiometry [ Fig. 2(b) ].
Focusing first on films grown at 1 Â 10 À3 Torr (100% O 2 ), films grown at a fluence of 1:6 J=cm 2 were observed to exhibit an average chemical formula of La 1:01 Al 0:99 O 3Àx (corresponding to a ½La=ð½La þ ½AlÞ ratio of 50.5%) and are henceforth referred to as stoichiometric films. Increasing the fluence to 2:0 J=cm 2 yields films with an average chemical formula of La 0:92 Al 1:08 O 3Àx (corresponding to a ½La=ð½La þ ½Al) ratio of 46%) and are henceforth referred to as La-deficient (or Al-excess) films. Finally, decreasing the fluence to 1:2 J=cm 2 yields films with an average chemical formula of La 1:12 Al 0:88 O 3Àx (corresponding to a ½La=ð½La þ ½Al) ratio of 56%) and are henceforth referred to as La-excess (or Al-deficient) films. These trends in nonstoichiometry are consistent with recent studies [32] that suggest that higher laser fluence will preferentially ablate Al from the LaAlO 3 target leading to a deficiency of La in the film while lower laser fluence ablates the target more evenly but results in Al deficiencies in the film since the lighter Al adatoms scatter more readily in the growth gas. Additionally, we have studied the effect of growth pressure on the film composition and have found it to have a less dramatic effect. Changing the pressure from 1 Â 10 À3 to 1 Â 10 À6 Torr, the slope of the compositional variation with laser fluence decreases, but the overall trend remains the same (i.e., 4%-5% La deficiency is achieved at 1 Â 10 À6 Torr at 2:2 J=cm 2 ). To reiterate, there is little indication from the in situ RHEED, the ex situ AFM, and the x-ray diffraction studies that would have indicated such a large deviation in the stoichiometry of the LaAlO 3 films. Thus, in addition to the fact that it can be difficult to obtain stoichiometric films, it is also difficult to detect deviations in stoichiometry using standard methods. The lack of observed second phases additionally indicates that the (non)stoichiometry, in all cases, is either within the effective solubility limit for La deficiency and excess for LaAlO 3 or that the fractions of any secondary phases are below the sensitivity of the diffraction experiments and do not manifest visibly on the surface. From these experiments, it appears that in this deposition geometry, the laser fluence is the dominant parameter responsible for controlling film stoichiometry. Armed with this knowledge, we further investigated the effect of film stoichiometry on the electrical properties of the heterointerface.
The interfacial electrical properties of 10 unit cell thick LaAlO 3 films were probed using temperature and fielddependent resistivity studies (details in Supplemental Materials [30] ). We focus first on films grown at 1 Â 10 À3 Torr (100% O 2 ). Stoichiometric films exhibit metalliclike conductivity from room temperature down to 38 K, where they experience a crossover from metalliclike to weakly insulatorlike conduction (henceforth referred to as a crossover transition) [black curve, Fig. 3(a) ]. Note that the sheet resistance of the stoichiometric film is relatively flat, varying only 1 order of magnitude from 2 to 300 K. La-excess films likewise exhibit metalliclike conductivity from room temperature down to 55 K, where they also undergo a crossover transition and a large increase in sheet resistance down to 2 K [blue curve, Fig. 3(a) ]. We also note other anomalies in the data for both the La-excess and stoichiometric films, particularly kinks near 70-80 K and 155-180 K that have been observed previously [33, 34] and have been attributed to surface structural transitions in SrTiO 3 [35, 36] . Finally, Ladeficient films exhibit metalliclike conductivity from room temperature to 10 K, where they exhibit a slight increase in resistance down to 2 K [wine, red curves, Fig. 3(a) ]. To further illustrate the effect of stoichiometry on the properties, we have included films with 2% and 4% La deficiency, and we see that there is an inverse relationship between the 2 K sheet resistance and the extent of La deficiency. In all cases, La-deficient films possess low-temperature sheet resistances that are at least 1-3 orders of magnitude lower than that of the stoichiometric films and 5-7 orders of magnitude lower than that of the La-excess films.
There are a number of important points to make in summarizing these findings. First, using the growth process (in particular, laser fluence) to manipulate and control the cation (non)stoichiometry, we have recreated sheet resistance trends that have been previously attributed purely to oxygen pressure variations, and consequently, to oxygen vacancies [2, 21, 33, 37] . Second, there is a clear change in the crossover transition temperature with La-cation stoichiometry with more La deficiency leading to suppressed crossover transition temperatures suggesting a potential change in the nature of the interfacial conductance. Third, as a clarification of the first point, La-deficient films grown at 1 Â 10 À3 Torr reveal metalliclike conductivity typical of films generally grown at much lower oxygen pressures (note that many consider this pressure to be above that which would allow for interfacial conductance). We believe that this could potentially be correlated to a cation (non) stoichiometry driven reduction of the substrate. While oxygen vacancies likely have a role to play in the behavior of the heterointerface, the cation stoichiometry of the LaAlO 3 film could also affect the electrical behavior in these heterostructures.
A number of recent studies support this hypothesis. First-principles calculations [38] have shown that Schottky pairs, and these oxygen vacancies are generally quite mobile and are known to cluster in the SrTiO 3 substrate under even mildly reducing conditions [39, 40] . Additionally, a recent experiment suggests that a metallic state can be induced on the surface of SrTiO 3 crystals by deposition of oxygen deficient alumina (Al 2 O 3Àx ), granular aluminum films, or spinel -Al 2 O 3 films, which effectively reduce the SrTiO 3 leading to an oxygen vacancy-induced conducting state [41, 42] . Such observations are supported by investigation of Ellingham diagrams which reveal that Al possesses a large free energy of oxidation (the Al curve lies well below the Ti curve on the diagram), and thus in an oxygen starved environment, Al can be expected to reduce the SrTiO 3 .
In turn, we have also investigated the effect of varying the growth pressure on the electrical properties. We focus here on 4% La-deficient films and investigate a number of different oxidation conditions: 1 Â 10 À3 Torr (100% O 2 and 0.01% O 3 -99.99% O 2 ) and 1 Â 10 À6 Torr (100% O 2 and 10% O 3 -90% O 2 ). In all cases XPS and RBS studies have been completed to assure consistent composition. The subsequent temperature-dependent resistivity studies reveal the ability to fine-tune the nature of conductance with oxygen stoichiometry. La-deficient films grown in more reducing conditions display similar trends in their sheet resistance (metalliclike conductivity to low temperatures), with more reducing growth conditions resulting in diminished sheet resistance [ Fig. 3(a) ]. We also note that growth of both La-deficient and stoichiometric films at 1 Â 10 À3 Torr in 0.01% O 3 99.99% O 2 had essentially no effect on the observed resistivity compared to the growth in 100% O 2 at the same pressure and that postgrowth anneals in oxygen had little impact on the conductivity in these samples. More importantly, however, the films grown at 1 Â 10 À6 Torr (regardless of ozone inclusion) reveal no clear crossover to insulatorlike behavior down to 2 K. This is not expected for true two-dimensional systems that should exhibit localization of electrons [43] and an upturn in resistivity at low temperatures [44] . Instead, it is consistent with prior studies that have shown a transformation from two-to three-dimensional conduction in films grown at low pressures [21] . This transformation in dimensionality of the conductivity is further supported by the fact that clear indications of the SrTiO 3 surface structural transitions [33] [34] [35] [36] are no longer visible in the electrical transport studies of the La-deficient films (a strong indicator that the conduction is no longer localized to the film-substrate interface).
We have also probed the sheet carrier density [ Fig. 3(b) ] and mobility [ Fig. 3(c) ] as a function of temperature. No data for the carrier concentration or mobility are provided for the La-excess films, as the sheet resistance was too high to obtain reliable results. The theoretical sheet carrier density expected from electronic reconstruction to alleviate the polar catastrophe is half an electron per unit cell or 3:3 Â 10 14 cm À2 (which serves as an effective theoretical maximum value of possible carriers [dashed line, Fig. 3(b)]) . The carrier concentration for both the stoichiometric and La-deficient films grown at 1 Â 10 À3 Torr are all at least 1 order of magnitude smaller than this theoretical value. The films grown at a pressure of 1 Â 10 À6 Torr, however, reveal sheet carrier densities between 10 16 and 10 18 cm À2 , unrealistic values well in excess of the theoretical value [ Fig. 3(b) ]. This is consistent with prior studies [1, 21] and with the concept that the conduction must be spilling over into the bulk of the SrTiO 3 . Similarly, there are two distinct types of carrier mobility [ Fig. 3(c) ]. At all temperatures studied, the carrier mobility of the stoichiometric film is found to be less than the carrier mobility for the La-deficient films. Furthermore, the stoichiometric films reveal a maximum carrier mobility at 38 K (corresponding to the crossover transition) before exhibiting decreasing mobility with further reduction of temperature. On the other hand, all La-deficient films display very similar mobility trends, increasing with decreasing temperature and then essentially plateauing around 10 3 -10 4 cm 2 =V s below 25 K, consistent with values reported in high-quality SrTiO 3 films [45] .
To summarize, the conduction in the case of the La-excess and stoichiometric films is consistent with what is expected for a two-dimensional interfacial state rising from intrinsic effects such as electronic reconstruction to avoid the polar catastrophe (in the absence of an obviously dominating extrinsic explanation). This is supported by the fact that the overall sheet resistance is higher, that the carrier density values are lower than the theoretical maximum, that clear indications of surface reconstructions in SrTiO 3 are observed, and that the carrier mobility is lower. For the case of the La-deficient films, growth at 1 Â 10 À3 Torr results in metalliclike conductance that is attributed to the cation (non)stoichiometry that could potentially drive reduction of the SrTiO 3 and subsequent substrate contributions to conductance. Finally, in films grown at 1 Â 10 À6 Torr, extremely low sheet resistance, the complete suppression of the crossover transition, the extraordinarily high sheet carrier densities, and the large carrier mobility are consistent with the onset of significant substrate reduction and substrate-based conductivity.
In turn, it appears that cation stoichiometry can be an essential parameter that must be understood and controlled to access the intrinsic physics of the LaAlO 3 =SrTiO 3 heterointerface. By controlling the film stoichiometry to within 5% of the ideal value, we observed dramatic variations in conductance, as intrinsic and extrinsic contributions to the interfacial conductance compete. Such insights may be instrumental in further study of the physical phenomena at these interfaces.
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